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Periodic networks composed of capacitors and inductors have been demonstrated to possess topo-
logical properties with respect to incident electromagnetic waves. Here, we develop an analogy
between the mathematical description of waves propagating in such networks and models of Ma-
jorana fermions hopping on a lattice. Using this analogy we propose simple electrical network
architectures that realize Chern insulating phases for electromagnetic waves. Such Chern insulating
networks have a bulk gap for a range of signal frequencies that is easily tunable and exhibit topo-
logically protected chiral edge modes that traverse the gap and are robust to perturbations. The
requisite time reversal symmetry breaking is achieved by including a class of weakly dissipative Hall
resistor elements whose physical implementation we describe in detail.
I. INTRODUCTION
Topological states of matter in electronic systems ex-
hibit topologically non-trivial bulk band structures ac-
companied by protected edge or surface modes1–3. More
generally, the insights gained from the study of electrons
in crystalline solids with non-trivial topology can be ap-
plied to any physical system whose degrees of freedom
are governed by a wave equation. If bulk solutions of the
wave equation do not exist in some range of frequencies,
the system may be viewed as insulating for these frequen-
cies and may in addition possess topologically protected
propagating modes at its boundary. This realization has
led to a theoretical study and physical implementation
of a wide variety of periodic systems in which topologi-
cal properties analogous to electronic topological insula-
tors, superconductors and semimetals are manifest. Most
prominent examples of these efforts include photonic4,5,
acoustic6,7, mechanical8–10, polaritonic11, and electrical
systems12–15.
In the present work, we focus on the latter class of
topological systems, more specifically, periodic networks
comprised of inductors, capacitors and resistors. These
structures, also referred to as topoelectrical circuits13,
have been demonstrated to possess topological proper-
ties with respect to the incident electromagnetic (EM)
wave signals. In close analogy to electronic tight-
binding models, various circuit models realizing clas-
sical analogs of quantum spin Hall states12,16, Dirac
and Weyl semimetals13,17 and higher order topological
insulators18–20 have been proposed and some of them
have been experimentally characterized.
Conspicuously absent from this list is the Chern insu-
lator – the analog of the most basic electronic topological
phase, the quantum Hall insulator in two dimensions21.
The reason is simple: networks composed of capacitors
and inductors are governed by Maxwell equations which
are fundamentally invariant under the time reversal oper-
ation T . A Chern insulator, on the other hand, requires
broken T symmetry.
We note that ordinary resistors in a LC network cause
dissipation and therefore break T . This to some ex-
tent hinders the comparison to isolated quantum sys-
tems where dynamics are unitary. More importantly, T -
breaking produced by purely dissipative dynamics does
not help in creating a Chern insulator. On the other
hand dissipative networks can provide useful examples
of systems studied in the rapidly advancing field of non-
Hermitian quantum mechanics22–25.
Here, we circumvent this problem by employing a class
of weakly dissipative Hall resistors. These are linear cir-
cuit elements whose voltage response to a longitudinal
current is predominantly transverse. An ideal Hall resis-
tor introduces strong T breaking into the circuit without
significant dissipation and thus enables construction of
the Chern insulator.
The class of EM Chern insulators we introduce here has
a bulk gap for EM waves in a range of frequencies but
exhibits chiral propagating edge modes that are gapless
and traverse the gap. The edge modes are topologically
protected by a non-zero Chern number defined by the
bulk band structure of the network and are robust against
any imperfections in the network that do not close the
gap.
We discuss several specific network architectures that
lead to the physics described above. We do this by taking
advantage of a novel mapping that connects the dynam-
ics of a certain class of periodic RLC networks to Hermi-
tian Bloch Hamiltonians describing Majorana fermions
in a crystal lattice. Such Hamiltonians are well known to
possess Chern-insulating phases. While the possibility
of non-trivial topological structure of Kirchhoff’s equa-
tions has been previously recognized, it is usually dis-
cussed in terms of admittance bands or mapped onto
non-Hermitian eigenvalue problems12,13. The descrip-
tion developed in this work offers a more direct analogy
to crystalline solids and thus a more transparent physi-
cal interpretation in terms of well understood topological
band theory1–3.
The key physical element required in the realization of
our EM Chern insulator architecture is the Hall resistor.
A natural implementation of the Hall resistor relies on the
classical Hall effect in a clean metal or doped semiconduc-
tor film in applied perpendicular magnetic field B⊥ with
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2galvanic contacts. We will see that this simplest realiza-
tion does not quite work and discuss an alternate setup
with capacitive couplings. We also discuss implementa-
tions where near-ideal Hall response can be simulated
using simple circuits with active elements: operational
amplifiers. We conclude that these offer the most prac-
tical route towards the realization of Chern insulating
networks that would function at room temperature and
use only ready-made components.
II. CHERN INSULATORS FROM RLC
NETWORKS
A. General setup and a toy model
The simplest RLC network capable of exhibiting non-
trivial topology is depicted in Fig. 1(a). It consists of an
array of 5-terminal Hall elements, denoted by grey dia-
monds, arranged in a square lattice. The central terminal
of each Hall element is connected to ground via a capac-
itor C while the side terminals connect to neighboring
Hall resistors through inductors L.
The 5-terminal Hall element is characterized by its re-
sistance tensor Rˆ, defined by the relationV1V2V3
V4
 =
R1 R4 R3 R2R2 R1 R4 R3R3 R2 R1 R4
R4 R3 R2 R1

I1I2I3
I4
 . (1)
Here, the voltages Vi are measured with respect to the
central terminal and the directionality of currents Ii is
indicated in Fig. 1(b). We note that Eq. (1) is the most
general parametrization of Rˆ under 4-fold rotational sym-
metry.
The description of the EM signal propagating through
the circuit requires the definition of three dynamical vari-
ables: voltage Vr(t) across each capacitor, and two cur-
rents Ixr (t) and I
y
r (t) flowing through the inductors in
each unit cell labeled by vector r. They are denoted by
red and green labels in Fig. 1(a), respectively. Then,
Kirchhoff laws yield the following coupled system of lin-
ear differential equations:
C
∂Vr
∂t
= Ixr−xˆ + I
y
r−yˆ − Ixr − Iyr ,
Vr − Vr+xˆ = L∂I
x
r
∂t
+ [Rˆ · Ir]3 − [Rˆ · Ir+xˆ]1,
Vr − Vr+yˆ = L∂I
y
r
∂t
+ [Rˆ · Ir]4 − [Rˆ · Ir+yˆ]2.
(2)
The first of these equations expresses current conserva-
tion for each Hall element and the remaining two re-
late the voltage differences between neighboring unit cells
to the corresponding currents through the usual con-
stitutive relations for inductors and resistors. Ir =
(Ixr−xˆ, I
y
r−yˆ,−Ixr ,−Iyr )T is a vector of currents flowing
into the Hall resistor at position r.
We begin by considering the case of a non-resistive
network, i.e. Rˆ = 0. Then Eqs. (2) exhibit invariance
under T which sends t → −t and reverses all currents,
(Ixr , I
y
r )→ (−Ixr ,−Iyr ). In addition, because voltages and
currents are by definition real-valued, Eqs. (2) are triv-
ially invariant under complex conjugation.
Eqs. (2) can be recast in the form of a Schro¨dinger
equation i∂t|Ψ〉 = Hˆ|Ψ〉 with the wavefunction |Ψ〉
containing voltages and currents and Hˆ the Hermitian
Hamiltonian matrix. We can further exploit translational
invariance of the network by expanding currents and volt-
ages in terms of plane waves
Vr(t) =
∑
k
ei(ωt−k·r)Vk/
√
C,
Iαr (t) =
∑
k
ei(ωt−k·r)Iαk /
√
L,
(3)
where α = x, y and the rescaling is made for convenience.
Equations (2) reduce to a 3 × 3 Hermitian eigenvalue
problem Hk|ψ〉 = ωk|ψ〉, where
|ψ〉 =
VkIxkIyk
 , Hk = 1√
LC
 0 Γx ΓyΓ∗x 0 0
Γ∗y 0 0
 , (4)
and Γα = i(1− eikα).
Hk is formally identical to a tight-binding model of
Majorana fermions on the Lieb lattice. The effective
electronic unit cell with imaginary hopping parameters
is sketched in Fig. 2(a). The correspondence with Ma-
jorana as opposed to complex fermions follows from the
fact that the original wave equation (2) is purely real-
valued as is the time-domain Schro¨dinger equation for
Majorana fermions26–28. We discuss this correspondence
more fully in Appendix A.
The spectrum of Hk consists of one zero mode ωk = 0,
and two non-zero eigenvalues of the form
ωk = ± 1√
LC
√
|Γx|2 + |Γy|2
= ± 2√
LC
√
sin2 (kx/2) + sin
2 (ky/2).
(5)
It can be checked that the states belonging to the ωk = 0
eigenvalue correspond to static patterns of currents in the
network consistent with current conservation and zero
voltages. These will be damped in the presence of ar-
bitrary resistance and are of no interest to us. The two
branches in Eq. (5) define the propagating modes of the
system. They are gapless and linearly dispersing near
k = 0, as illustrated in Fig. 1(c). Only the positive-
frequency branch is physical; the negative branch appears
because the ansatz in Eq. (3) permits complex-valued so-
lutions while voltages and currents are strictly real.
In the Bloch Hamiltonian formulation time reversal
symmetry T and charge conjugation symmetry C may
be expressed as
T : ΘH∗kΘ−1 = H−k,
C : H∗k = −H−k.
(6)
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FIG. 1. (a) Square RLC lattice toy model realizing the Chern insulator for EM waves. A unit cell is marked by by grey
background. (b) The Hall resistor element with four side terminals and one central terminal. (c) Bulk band structure of the
network depicted in panel a. The dashed line corresponds to γ = RH
√
C/L = 0 while the solid line corresponds to γ = 0.25
which gives a gap ∆ = ω0, where ω0 = 1/
√
LC. (d) Spectrum on a strip of width W = 10 and open boundary conditions
along y for γ = 0.25. Boundary conditions are chosen as indicated in Fig. 2(b). The colorscale indicates the average distance
〈y〉 measured from the center of the strip of the eigenstate belonging to the eigenvalue ωk. The states inside the bulk gap ∆
are localized near the opposite edges of the system. (e) Voltage response V respr (ω) induced by a current with in-gap frequency
ω = ∆/2 injected at a node marked by green cross of the 10 × 10 network with γ = 0.25 for various values of the dissipative
resistance R characterized by parameter  = R/RH .
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FIG. 2. (a) Effective Majorana tight-binding model corre-
sponding to the RLC network toy model with ideal Hall ele-
ments. Tunneling matrix elements between sublattices a, b, c
are labeled by straight lines, arrows indicate directionality.
Here, γ = RH
√
C/L. (b) Sketch of boundary conditions used
for calculations in the strip geometry.
with Θ = diag(1,−1,−1). Both T and C square to +1
and thus define the BDI class in the Altland-Zirnbauer
classification29. In two spatial dimensions class BDI sup-
ports only topologically trivial gapped phases30. There-
fore, we must break time reversal symmetry to enable a
topological phase in this system. (The C symmetry de-
rives from real-valuedness of Eq. (2) and therefore, like
the analogous symmetry present in a generic supercon-
ductor, cannot be broken by a physical perturbation.)
When T is broken, the system belongs to class D which
has an integer topological classification in d = 2. The
corresponding topological invariant is the Chern number
c and its non-zero values label distinct Chern insulating
phases.
To proceed, we now include a non-zero resistance ten-
sor defined by Eq. (1). The Bloch Hamiltonian describing
the network becomes
Hk =
1√
LC
 0 Γx ΓyΓ∗x Lxk Mk +Nk
Γ∗y M
∗
k −N∗k Lyk
 , (7)
with
Lαk = 2i
√
C
L
(R3 cos kα −R1),
Mk = − i
2
√
C
L
(R4 −R2)(1 + eiky )(1 + e−ikx),
Nk = − i
2
√
C
L
(R4 +R2)(1− eiky )(1− e−ikx).
(8)
Time-reversal is explicitly broken whenever Rˆ is non-
zero. We observe that the Hamiltonian (7) remains Her-
mitian only when Lαk and Nk both vanish for all k. This
requires R1 = R3 = 0 and R4 = −R2. Under these
conditions the resistance tensor (1) becomes purely off-
diagonal and antisymmetric. This form signifies a purely
transverse, non-dissipative response – an “ideal Hall re-
sistor”.
It is important to note that the resistance tensor, Eq.
(1), is not invertible in this limit. As a consequence, the
4current response to applied voltages is ill-defined. How-
ever, we can still achieve sensible results by keeping a
small non-zero dissipative components R1 = R3 = R.
This causes the network Hamiltonian to become non-
Hermitian and results in weak damping of the AC sig-
nal. Topological properties of the system should not be
affected as we explicitly illustrate below. Large non-
Hermitian components could lead to new interesting
topological phases and will be discussed elsewhere.
We now focus on the approximately Hermitian limit
and define the Hall parameter RH = R4 = −R2. The
bulk spectrum corresponding to the Hamiltonian (7) is
illustrated in Fig. 1(c). It develops a gap ∆ = 4RH
√
C/L
measured in units of ω0 = 1/
√
LC at k = 0. Since the
term Mk, responsible for the gap formation, is odd under
time reversal, we expect the gapped phase to be topologi-
cally non-trivial. An explicit calculation indeed indicates
a non-zero Chern number c = sgnRH for the negative
frequency band. Numerical calculation of the spectrum
in a strip geometry confirms the existence of a single chi-
ral edge mode traversing the gap, as shown in Fig. 1(d).
Experimental characterization of a finite size network
can be given through the two-point impedance mea-
surement which is conveniently described by the circuit
Green’s function formalism. Here we give a brief review
of the formalism while a more detailed discussion can be
found e.g. in Ref. 13. To begin one writes the frequency-
domain Kirchhoff law for current conservation in the ma-
trix form
0 =
∑
r′
Yrr′(ω)Vr′ , (9)
which defines the admittance tensor Yrr′(ω). The eigen-
mode spectrum can be calculated from the condition
detY (ω) = 0, which yields results equivalent to Eq. (5).
The circuit Green’s function Gr,r′(ω) =
[
Y (ω)−1
]
rr′ de-
scribes the voltage response of the network at point r to
a driving current profile Idriver′ according to
V respr (ω) =
∑
r′
Gr,r′(ω)I
drive
r′ (ω) . (10)
In analogy to condensed matter systems, where the
complete characterization of a non-interacting sys-
tem is contained in the two-point correlation func-
tion 〈T ψ(r, t)ψ†(r′, t′)〉, full experimental knowledge of
Gr,r′(ω) provides a complete characterization of the elec-
trical circuit. We can therefore expect topologically non-
trivial behavior to be evident in a circuit’s two-point
impedance.
In Fig. 1(e) we demonstrate this explicitly by plotting
the voltage profile V respr induced by a current with fre-
quency ω injected at the boundary of a 10× 10 network.
As an example of possible dissipative dynamics we in-
clude a non-zero R component of the resistance tensor Rˆ
and quantify the strength of dissipation by a dimension-
less parameter  = R/RH . For the frequency inside the
bulk bandgap the signal is seen to propagate along the
b
a
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FIG. 3. (a) Time evolution of a localized Gaussian wave
packet of frequency width (∆ω)/ω0 = 0.35 excited at the
boundary. The simulation models disorder by assuming a
capacitor and inductor device tolerance of 30%. Colorscale
corresponds to the weight of the wavefunction on the circuit
node. The signal travels along the boundary and circumvents
the boundary defect indicated in white. (b) A plot of the
current along the boundary sites as a function of time reveals
the constant group velocity of the wave packet.
boundary of the system and in one direction only, con-
sistent with the chiral nature of the gapless edge mode.
Parameter  clearly controls the lengthscale over which
the signal is damped.
Finally, we investigate the propagation of such signals
in the time domain. To this end we excite a Gaussian
wave packet with the frequency width (∆ω)/ω0 = 0.35
spatially localized around an edge site and unitarily
evolve it in time with the propagator U = exp(−iHt).
The corresponding simulation for a non-dissipative net-
work with γ = 1 and assuming ±30% randomness in L
and C values is shown in Fig. 3(a). The edge signal
propagates unidirectionally along the circuit boundary,
even in the presence of boundary defects. A plot of the
current at the network boundary as a function of time in
Fig. 3(b) reveals approximately constant group velocity
of the wave packet.
The circuit described above illustrates the mathe-
matical correspondence between periodic RLC networks
5and tight-binding Hamiltonians with non-trivial topol-
ogy. Our approach allows for the mapping of the dif-
ferential equations governing the RLC network onto a
simple Bloch equation known in the condensed-matter
literature31. The non-trivial ingredient required to break
time reversal symmetry is the 5-terminal Hall element
described by the resistance tensor, Eq. (1). However, as
we will discuss in Sec. III, its experimental realization
is not straightforward. For this reason, we may regard
the above network as an instructive but unphysical toy
model. Below we will describe two different network ar-
chitectures which have well-defined experimental imple-
mentations and are only slightly more complex.
B. Chern insulator on the square lattice
Consider the network depicted in Fig. 4(a). It has a
square lattice symmetry and contains 4 inductors, 3 ca-
pacitors and one Hall resistor per unit cell. The Hall
resistor is now in a 4-terminal configuration. We char-
acterize it by the Hall admittance tensor Yˆ that relates
input currents to terminal voltages via I = Yˆ V . In its
idealized version it is I1I2I3
I4
 = 1
RH
 0 −1 0 11 0 −1 00 1 0 −1
−1 0 1 0

 V1V2V3
V4
 . (11)
Currents and voltages are labeled as shown previously
in Fig. 1(b) with the difference that no central terminal
exists. We note that Yˆ has rank 2 and is therefore not
invertible. We can reduce (11) to a set of two linearly
independent equations by realizing that it conserves cur-
rent for pairs of opposing terminals, that is, for any volt-
age input the currents satisfy I1 = −I3 and I2 = −I4.
In electrical circuit theory this is known as the port con-
dition. Two opposing terminals define a port. A full
description of the Hall element is then achieved in terms
of two currents through the ports, I1 and I2, and two
voltages across the ports, V1 − V3 and V2 − V4. The cor-
responding resistance tensor is
Rˆ = Yˆ −1 =
(
0 RH
−RH 0
)
. (12)
We note that the circuit element corresponding to the
above resistance matrix is in fact well known in electrical
engineering literature as the gyrator32. This device, to-
gether with the resistor and the capacitor, defines a basis
of linear circuit elements. All other network elements can
be composed from the aforementioned three.
The degrees of freedom describing the network in Fig.
4(a) can be chosen as three voltages on the capacitors and
four currents flowing through the inductors, forming a
7-component vector Ψr = (V
A
r , V
B
r , V
C
r , I
1
r , I
2
r , I
3
r , I
4
r)
T .
To preserve the 4-fold rotation symmetry of the network,
we take capacitances on B and C sublattices to be equal,
CB = CC = C, and further set CA = C/g
2 with g a
dimensionless parameter. All inductors have inductance
L.
The corresponding Bloch Hamiltonian follows from
current conservation for all nodes and Kirchhoff’s sec-
ond law for the potential difference between two nodes
connected through an inductor. It can be represented as
a 7× 7 matrix of the form
Hk =
1√
LC
(
Mk Pk
P †k 0ˆ
)
, (13)
where 0ˆ is a 4 × 4 matrix with all elements zero and Pk
denotes the 4× 3 matrix
Pk = i
−g ge−ikx −g ge−iky1 −1 0 0
0 0 1 −1
 . (14)
The 3 × 3 matrix Mk contains time reversal breaking
terms due to presence of the the Hall element,
Mk =
0 0 00 0 mk
0 m∗k 0
 , (15)
with mk =
i
RH
√
L
C (1− eikx)(1− e−iky ).
The mode spectrum of the circuit consists of 7 bands.
Charge-conjugation symmetry C constraints the bands
to come in pairs of opposite frequency and the unpaired
band to be confined to ωk = 0. In the absence of the Hall
resistor time reversal symmetry enforces degeneracies at
k = (0, 0) and (pi, pi) as follows
ω(0,0) = ω0(0,±0,±1,±
√
1 + 2g2),
ω(pi,pi) = ω0(0,±1,±1,±
√
2g).
(16)
Here, we have defined ω0 =
√
2/LC. The Hall resis-
tor breaks T and splits the degeneracy at (pi, pi). The
quadratic band crossing thus acquires a gap and the two
bands become topologically non-trivial with the Chern
number c = ±sgn(RH). Since M(0,0) = 0 the degeneracy
at the Γ point remains intact.
For an arbitrary g and RH one thus expects the net-
work to realize a Chern insulator. A situation of special
interest occurs for g = 1/
√
2. In the absence of the Hall
resistor three bands then touch at (pi, pi) and the middle
band is completely flat, Fig. 4(b). The Hall resistor sep-
arates the three bands and makes the top and bottom
bands topological with Chern number c = ±sgn(RH).
The flat band remains trivial with c = 0. This is con-
firmed by numerical diagonalization of Hamiltonian Eq.
(13) on a strip geometry with translational invariance
along xˆ, shown in Fig. 4(b). We clearly observe chiral
edge modes.
We further analyze the admittance properties of the
network by calculating the circuit Green’s function in
a finite system and plotting the voltage response to a
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FIG. 4. (a) Square RLC lattice network with 4-terminal Hall elements. Voltage nodes (red) and currents (green) are labeled
for the unit cell (grey background) at position r. (b) Eigenmode spectrum of the network for g = 1/
√
2, with (solid lines)
and without the Hall element (dashed lines). The gap parameter is γ =
√
C/LRH = 5
√
2 and we have defined an overall
frequency scale ω0 =
√
2/LC. (c) Strip-diagonalization of the network with g = 1/
√
2 and γ = 5
√
2. Colorscale indicates
the average distance 〈y〉 measured from the center of the strip of the eigenstate belonging to the eigenvalue ωk. (d) Voltage
response V respr (ω) of a 15× 15 circuit with bandstructure as in c to current injected at green marked sites. Frequencies of the
injected currents are denoted in plot titles. For all plots we assume a small resistance of the inductors ε = 0.005 responsible for
damping of the signal. Bottom panels include topological defect where white sites have been removed. For the bottom right
panel we additionally model 17% randomness in L, C, RH , and ε values.
current injected at a single node. For these calcula-
tions, we assume that the inductors are weakly resis-
tive and characterize their resistance RL by a parameter
ε = RL/RH . The resulting Hamiltonian becomes weakly
non-Hermitian and the propagating waves are damped.
The upper left panel of Fig. 4(d) shows the response to
a current of frequency ω within the gap that is injected
at a bulk site. The voltage profile is localized around the
node of injection. If we tune the frequency out of the bulk
gap, the voltage signal propagates through the whole cir-
cuit, independent of the point of injection, as shown in
the upper right panel. To demonstrate the topological
nature of the edge transport, we include a defect on the
circuit’s left boundary and excite the edge mode of the
circuit at an in-gap frequency (bottom panels). As ex-
pected the signal propagates around the defect by follow-
ing the distorted edge. This does not change qualitatively
when we introduce bulk disorder, which we model by in-
cluding a 17% randomness in L, C, ε, and RH values,
larger than typical tolerances of commercially available
electronic components.
C. Chern insulator on the honeycomb lattice
The graph structure of RLC networks in principle al-
lows for engineering arbitrary lattice models. Here, we
briefly discuss a circuit whose tight-binding analog is sim-
ilar the Haldane model on the honeycomb lattice21 which
a b
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FIG. 5. (a) Unit cell of a network realizing the honeycomb
lattice model. Three next-nearest neighbors within each pla-
quette connect to a three-terminal Hall element. (b) Band
structure of a strip with zig-zag termination in yˆ-direction
for γ = RH
√
C/L = 10
√
2 where ω0 =
√
1/LC. Colorscale
shows mean value of the distance of the corresponding eigen-
function from the center of the strip.
was historically the first model realizing the Chern insu-
lator in electronic systems. A unit cell is schematically
shown in Fig. 5(a). Each of the two sublattices of the
honeycomb lattice contains a node that is connected to
ground through a capacitor C. Nearest-neighbor nodes
are connected by inductors L. Second neighbors within
a hexagonal plaquette each connect to a three-terminal
Hall resistor.
The three-terminal Hall resistor is described by a three-
fold rotation symmetric resistance tensor whose idealized,
7non-dissipative form is defined by the relation(
V1
V2
)
=
(
0 RH
−RH 0
)(
I1
I2
)
. (17)
While above resistance tensor is formally equivalent to
the matrix in Eq. (12), the port condition does not apply
for a triangular Hall element. Instead Rˆ relates input cur-
rents at two of the three terminals to the corresponding
terminal voltages. The potential at the third terminal is
set to zero and the corresponding current is determined
by current conservation.
The network in Fig. 5(a) has a tight-binding represen-
tation and topological structure closely related to Hal-
dane’s celebrated lattice model of the Chern insulator21.
The Bloch Hamiltonian is a 5×5 matrix which takes the
same form as Eq. 13, where now
Mk =
(
mk 0
0 −mk
)
, Pk = i
( −1 −1 −1
1 eik·a1 e−ik·a2
)
.
Here, mk = 2R
−1
H
√
L
C
∑3
α=1 sin(k·aα) and ai are Bravais
lattice vectors as shown in the inset of Fig. 4(b). Similar
to graphene the band structure has a pair of Dirac points
located at the corners of the hexagonal Brillouin zone but
they now occur at non-zero frequency. The band cross-
ings are protected by a combination of T and the lattice
inversion symmetry. Inclusion of the Hall resistors breaks
T and creates a Chern insulator. Numerical diagonaliza-
tion of the Hamiltonian in the strip geometry confirms
the existence of the chiral edge modes traversing the gap,
Fig. 5(b).
III. HALL RESISTOR IMPLEMENTATION
Non-trivial physics in the models studied in Sec. II
above relies on Hall resistors characterized by a trans-
verse voltage response to a longitudinal current that is
odd under time reversal. Naively, the most straightfor-
ward realization of such devices exploits the classical (or
quantum) Hall effect. Consider a 2D metal or semicon-
ductor film in a perpendicular magnetic field. In the
strong field limit current flows along equipotential lines
yielding dissipationless transport. However, this picture
neglects the influence of the boundaries of the Hall re-
sistor. As we explicitly demonstrate in Appendix B, the
boundaries give rise to a dissipative contact resistance33.
It is therefore impractical to realize a circuit described
by a Hermitian eigenvalue problem in this manner. A
possible workaround relies on capacitively coupling the
Hall elements to the circuit34. We describe this effort in
Appendix B and conclude that while it might work in
principle a practical implementation is not straightfor-
ward.
On the other hand, 4-terminal Hall resistors that sat-
isfy the port condition are well known among electrical
engineers as “gyrators” and various other implementa-
tions have been conceived35–39. A notable example is the
+
cb
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FIG. 6. (a) Circuit element called ”negative impedance con-
verter”, composed of three resistors and one operational am-
plifier, introduced in Ref. 41. It can be used to construct an
ideal Hall element in 2-port configuration (b) as implemented
in the square lattice Chern insulating network discussed Sec.
IIB, or in a 3-terminal configuration (c) required in the hon-
eycomb network of Sec. IIC.
realization using operational amplifiers. Such gyrating
circuits are discussed in standard textbooks40.
Here we describe a specific realization of the simulated
ideal Hall resistor inspired by the recent work of Hof-
mann et al.41. It can be used in either 4- or 3-terminal
configuration required for the Chern insulating networks
discussed in Secs. IIB and IIC, but not in the 5-terminal
configuration. Construction of the Hall element is based
on the building block depicted in Fig. 6(a). It consists
of an operational amplifier and three resistors. A deriva-
tion of the corresponding admittance tensor is given in
Appendix A of Ref. 41. It is(
Iin
Iout
)
=
1
RH
( −1 1
1 −1
)(
Vin
Vout
)
,
where currents and voltages are defined as in Fig. 6(a).
Remarkably, arranged in a two-port configuration as de-
picted in Fig. 6(b) or three-terminal configuration in Fig.
6(c), these elements precisely realize the respective ideal
Hall resistors required for our proposed Chern insulator
networks.
Operational amplifiers are commercially available at
low cost and can operate in a wide range of frequencies,
voltages and power settings. Experimental realization of
the Chern-insulating networks using the simulated Hall
elements depicted in Fig. 6 should therefore be easily
achievable.
IV. SUMMARY AND OUTLOOK
In this work, we proposed periodic RLC networks that
function as Chern insulators for electromagnetic signals
in a broad range of frequencies tunable by adjusting the
8values of inductance L, capacitance C and Hall resistance
RH of the circuit elements. The design is guided by ex-
ploiting an analogy between equations governing the EM
fields in periodic RLC networks and tight-binding mod-
els for Majorana fermions which are known to possess
topologically non-trivial phases. Our approach maps the
Kirchhoff’s laws describing the network onto a Hermitian
eigenvalue problem in the crystal momentum space where
the eigenvalues correspond to frequency modes of the net-
work. Topological properties of the network are then in-
ferred transparently in direct analogy to condensed mat-
ter Hamiltonians.
Explicitly, we have proposed three different network
architectures realizing Chern insulating phases for EM
signals. The required time reversal symmetry breaking
is achieved by including Hall resistors which are non-
reciprocal circuit elements also known in engineering lit-
erature as gyrators. These may be implemented as ca-
pacitively contacted metallic or semiconductor films in an
external magnetic field or as simple circuits with resistors
and off-the-shelf operational amplifiers. In the latter im-
plementation the time reversal symmetry is broken by
the external source of power required to operate the am-
plifiers. Nevertheless, due to the feedback structure the
operational amplifiers are operated in the linear response
regime and the simulated Hall devices can be regarded
as linear circuit elements.
Topological properties of the networks proposed in this
work are manifest in the chiral edge modes traversing the
gap in the bulk spectrum. These edge modes give rise
to unidirectionally propagating voltage and current sig-
nals along the network boundary. They are topologically
protected by the bulk topological invariant (the integer
Chern number) and cannot be removed by any defor-
mation of the boundary. In addition, the edge modes
are robust against moderate amount of bulk disorder, as
realized e.g. by a random spread in the parameters char-
acterizing the individual network elements.
Chern insulating EM networks provide a highly tun-
able experimental environment. Scale invariance of
Maxwell’s equations allows for engineering of band gaps
and edge modes in a wide frequency range. Moreover,
the flexible graph nature of such networks removes any
restriction on dimensionality or locality. Consequently,
exotic synthetic materials of arbitrary dimension and
connectivity may be designed. In addition to possible
engineering applications, Chern insulating EM networks
may be established as a teaching resource in university
laboratory courses and demonstrations.
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Note added. – When this work was essentially com-
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insulating LC network with operational amplifiers serv-
ing as T -breaking elements41. We have subsequently
added a brief discussion in Sec. III.
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Appendix A: Relation to Majorana tight-binding
models
A general model for non-interacting Majorana
fermions on a lattice is defined by a Hamiltonian of the
form
H =
∑
ij
hijγiγj . (A1)
Here γj are Majorana operators satisfying the canonical
anticommutation relations
{γi, γj} = 2δij , γ†j = γj , (A2)
and hij is an N ×N matrix of tunneling amplitudes be-
tween lattice sites i and j (we assume the lattice has N
sites.). Hermiticity of H together with relations (A2)
imply that hij is purely imaginary and antisymmetric.
We henceforth write it as hij = itij where tij is a real
antisymmetric N ×N matrix.
Solving the problem defined by Hamiltonian (A1) is
equivalent to diagonalizing matrix hˆ. Time evolution of
an arbitrary state Φ is then governed by the correspond-
ing Schro¨dinger equation
i∂tΦ(t) = hˆΦ(t), (A3)
where Φ(t) is regarded as an N -component state vector in
the site basis. Using the property hˆ = itˆ we see that Eq.
(A3) becomes a purely real-valued wave equation which,
therefore, admits purely real solutions Φ(t).
B=0 B=0.5T B=10T
V
FIG. 7. Microscopic simulation of the current and voltage
distributions in a 2-dimensional Hall plate in a perpendicular
magnetic field B⊥ with current density j driven by potential
difference V = 1 V from left to right terminal. White lines
follow the electric field E, black arrows denote the direction
of the current flow j. At zero field (left panel) j ‖ E and
there is no voltage drop VH between the top and the bottom
terminal. For weak fields (middle) |E| |j| > j · E > 0 and a
small Hall voltage VH < V is observed. At high fields (right)
j⊥E and VH ' V . In the infinite B⊥-field limit the electric
field diverges at the two contact points marked by red arrows.
It is this property of Majorana tight-binding mod-
els that motivates the connection to electrical networks
which are also governed by real-valued wave equations,
like Eq. (2). As an example it is an easy exercise to show
that Majorana fermions on the Lieb lattice with tunnel-
ing amplitudes illustrated in Fig. 2(a) are described by
the same Hamiltonian as the RLC circuit discussed in
Sec. IIA.
Appendix B: Hall-resistor implementation by
classical Hall effect
1. Hall effect, galvanic coupling
We consider a metal or semiconductor film in a perpen-
dicular magnetic field B⊥. In such a setting the micro-
scopic current response is accurately described by Ohm’s
law, j = σE, where the material’s conductivity takes the
form42
σ =
σ0
1 + σ20R2HB2
(
1 −σ0RHB⊥
σ0RHB⊥ 1
)
. (B1)
Here, σ0 is the zero-field conductivity and RH is the
Hall coefficient. For σ0RHB  1, the microscopic cur-
rent response to a potential gradient is predominantly
transverse so one might think that a device depicted
in Fig. 7 could serve as a near-ideal Hall resistor. As
our simulations below illustrate, this unfortunately is
not the case because of the phenomenon of geometric
magnetoresistance33.
We use Comsol Multiphysics finite element software
to numerically solve the current conservation equation
∇ · σ∇V = 0 for the 4-terminal geometry depicted in
Fig. 7. We choose insulating boundary conditions for
the edges as well as top and bottom terminals and drive
a longitudinal current I by a voltage difference V from
the left to the right terminal. The resulting potential dis-
tribution is plotted as a colorscale, electric field lines are
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FIG. 8. Illustration of capacitively contacted Hall elements
in (a) four-terminal (two-port) and (b) three-terminal config-
uration. The capacitance of each contact is CL, directionality
of currents is indicated by black arrows.
white, and the current flow is denoted by black arrows.
For B⊥ = 0, the current flow is parallel to E and the
potential difference between top and bottom terminals is
VH = 0. As one increases the magnetic field, j and E
span the Hall angle θH and one measures a finite Hall
voltage VH . For constant current flow, VH increases lin-
early with B⊥. Naively, one could expect that VH  V
for large enough field B⊥. This is the necessary condition
for the realization of an ideal Hall element. However, as
one can see in the right panel of Fig. 7, the Hall voltage
saturates at VH = V .
This effect is commonly known as two-terminal resis-
tance and may be interpreted as a geometrical magne-
toresistance. For the diamond geometry it establishes a
linear magnetic field dependence of the longitudinal re-
sistance. For constant current, VH and V then show the
same linear behavior at high fields, precluding the de-
sired limit VH  V . In fact, it has been shown that, on
general grounds, VH ≤ V for arbitrarily shaped 3-, 4-,
and 6-terminal geometry and arbitrary magnetic field33.
It may seem puzzling that a Hall element is dissipative
in the limit j⊥E. After all the dissipated power is P =∫
E · dj and should vanish when j⊥E. But P can still
be non-zero if the electric field strength diverges at some
point in the sample. In fact, it is known that the two-
terminal resistance arises at two points near the terminals
where the boundary conditions change from galvanic to
electrically insulating. At these points, the electric field
diverges. In our setup the points with divergent field
strength are marked by red arrows in the rightmost panel
of Fig. 7.
2. Hall effect, capacitive coupling
Viola and DiVincenco34 proposed an elegant way to
circumvent the problem of diverging electric fields out-
lined above. They showed that a near ideal Hall resistor
can be achieved by replacing galvanic contacts by ca-
pacitive coupling to the terminals. The resulting setup,
illustrated in Fig. 8, yields solutions of the EM field equa-
tions that are well behaved on the whole resistor geom-
etry. Explicitly, their resulting impedance tensor for a
2-port geometry Fig. 8(a) in the limit j⊥E has the form
Rˆ(ω) = RH
(−i cot ( 12ωCLRH) 1−1 −i cot ( 12ωCLRH)
)
.
(B2)
Here, CL is the capacitance of a single contact, which
are assumed to be the same for simplicity. The anti-
symmetric structure of the tensor implies that no energy
is dissipated. For a discrete set of perfect “gyration”
frequencies
ωn =
pi
CLRH
(2n+ 1), n = 0, 1, . . . , (B3)
diagonal elements vanish and the above tensor describes
an ideal Hall resistor.
The impedance tensor of the capacitively contacted
Hall element is intrinsically dependent on the drive fre-
quency ω and this dependence is fundamentally non-
linear. This prevents a description in terms of the Bloch
equation with a simple frequency-independent Hamilto-
nian but one can still use the circuit Green’s function
method to describe a periodic LC network with these
elements. We have checked numerically that the capaci-
tively coupled Hall element can indeed be used in network
architectures discussed in Secs. IIB and IIC and that it
produces Chern insulators, provided that the first gyra-
tion frequency Eq. (B3) is tuned close to the frequency of
the band crossing where one wants to open a gap. This is
not surprising given that at ω = ωn the impedance ten-
sor Rˆ(ω) coincides with the resistance tensor assumed in
Secs. IIB and IIC, Eq. (12).
Simple physical description of the Viola-DiVincenco
setup that gives Eq. (B2) relies on the dynamics of the
magnetoplasmon edge mode in the Hall effect device34.
It will work equally well in the 4- and 3-terminal configu-
ration, but the 5-terminal configuration that is required
for our toy model analyzed in Sec. IIA cannot be realized
in this manner.
